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GUIDANCE  and  CONTROL  UvBORATCHCft 
DEVELOPMENT  OPERATIONS  OIYISIO^' 


FOREWORD 


Thit  report  dealt  with  the  development  of  ine.’tial  guidance  «yttems  for 
balUttic  mitailet.  It  covert  the  evolution  of  guidance  devicet  from  th«  «arly 
dayt  of  experimentation  during  the  1930’t,  through  the  operational  ut*  cf  th« 
workhorte  LSV>3  System  on  the  German  V-S  rockets.  to  the  reliabl«  a»d  ac> 
curate  guidance  mecbanismt  of  today.  Personnel  df  the  ABMA  Laborafeorit«, 
with  experience  dating  at  far  back  at  pre*World  War  II  days,  made  great  con* 
tributions  to  the  advancement  of  the  art,  Science  and  engineering  of  inertial 
guidance  Systems. 

Although  inernaV^^dance  Systems  have  been  greatly  improved  in  tibe 
past  few  years,  milch Vork  remains  to  be  done  if  adequate  guidance  ia  to  b« 
provided  for  the  explorVion  of  outer  space.  Present  Systems  can  proeid« 
guidance  only  for  a  rela^ely  short  distanc«.  Vehicles  travellingto  or  iand» 
ing  on  planets  and  returniiu  to  the  earth  will  require  even  more  precis« 
guidance  Systems  and/or  supervision  by  celestial  tracking.  New  conccpits  in 
guidance  instrumentation  m^  have  to  be  developed. 
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Choptor  1 

HISTORICAL  BACKGROUND 


Inertial  guidanc«  is  a  s«lf>contain«d  tyatem  which  can  gulde  and  control 
misailet  withoui  aignals  frosn  the  ground.  The  guidance  to  the  target  includcf 
•enaing  and  correction  of  diaturbing  forcea  auch  aa  aide  winda  and  uneven 
thruat  fron)  pover  planta.  The  gyroacopic  principlea  on  which  inertial  guid* 
ance  ia  baaed  are  taken  frone  Newton’a  lawa  of  motion. 

Inertial  guidance  haa  been  adapted  for  uae  in  balliatic  miaailea  ao  that 
they  can  now  be  aent  to  targeta  thouaanda  of  milea  away.  Thia  type  of  guid> 
ance  ia  partieuiarly  uaefut  for  long>range  nniaailea  operating  over  hoatile  ter¬ 
ritory.  Becauaetbe  inertial  guidance  ayatem  doea  not  rely  on  electronic  aig- 
nala  from  the  grouno,  it  cannot  be  jarr.med  by  electronic  countermeaaurea. 

Meaauremest  of  accelerationa  ia  tbe  baaia  for  moat  inertial  guidance  aya- 
tema.  ln  the  mast  recently  ceveloped  ayatema,  a  gyro-atabiUaed  platform 
aervea  aa  a  basic  reference  for  meaauring  the  magnitude  and  direction  of  the 
accelerationa.  Thia  platform  ia  atabilized  by  three  gyroacopea.  one  for  each 
of  the  th.ree  miaaile  axea  (Figure  1).  Cyro>type  accelerometera.  mounted  on 
the  atabilized  piatform,  meaaure  accelerationa  in  piedetermined  directiona. 

Inertial  guidance  ayateir.a  for  miaailea  were  not  developed  ovemight.  In 
1934  the  Cernnans  firat  attempted  to  control  a  miasile  by  inertial  meana.  Thia 
firat  ayatem  was  rather  cruce,  but  it  paved  the  way  fer  preaent  day  inertial 
guidance  ayatema,  Düring  d:e  paat  ZS  yeara,  inatrumenta  and  controla  have 
been  deveiopedand  refined  toward  achievement  of  pin-point  accuracy  in  guid- 
ing  miaailea  over  long  diatancea.  The  aucceaaea  to  dato  are  but  the  beginning. 
Still  greater  re£r.ementa  are  neceaaary  to  guide  miaaitea  accurately  over 
longer  diatancea  and  into  o«ter  apace. 


EARLY  ROCKEIS 


A-2  Rockot  (Rgw  21 

The  Cermas-developed  A-Z  rocket  war  one  of  the  firat  rockets  uaing  a 
simple  gyro  aysum  for  guidance.  A  large  gyro  waa  placed  into  the  center  of 
the  rocket  betwecs  the  ootygcn  and  fuel  Containers.  The  axia  of  the  gyro  was 
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rigidly  mounted  tp  tbe  rocket.  The  gyro  wheel  coeeted  freely  during  the  flight. 
It  wae  euppoeed  to  keep  the  rocket  in  the  correct  attitude  by  brüte  force.  Two 
A’Z  rocketa  were  Uanched  in  1934  from  guide  towere  on  tlM  Borkum  leland  i« 
the  North  Sea.  Both  rocketa  aoared  to  7000  feet.  However,  it  waa  appareot 
that  auch  a  ayatem  had  aevere  ahortcominga,  aa  it  re<]uired  a  large  and  heavy 
gyro,  rigidly  mounted  and  thua  preaenting  intercoupling  proUema  between  the 
gyro  and  the  rocket. 


The  Goddard  Recket 


Almoat  aimultaneoualy  with  the  A-2  development,  the  American  rocket 
Pioneer,  R.  H.  Goddard,  worked  in  thia  country  on  hia  firat  gyroacopically« 
controUed  rocket.  K«  fired  it  in  the  apring  of  1935.  It  ahovld  be  noted  that 
thia  waa  the  firat  time  that  the  attitude  of  a  rocket  wae  aenaed  by  a  gyro,  and 
the  attitude  indlcatlon*  were  uaed  to  operate  jet.vanea  in  Order  to  control  the 
rocket.  Furthermorc.  a  tilt  program  waa  incorporated  to  tem  the  rocket 
from  vertlcal  take>off  into  horixontel  flight.  The  altitude  reaehed  waa  4, 100 
feet  and  the  dlatance  covered  waa  2. 5  milee.  . 


A<3  Recket 


The  A*3  aeriea  of  rocketa  launched  in  1937  were  the  firat  miaailea  to  in« 
corporate  trajectory  control.  The  complicated  guidanoe  ayatem  waa  deaigned 
to  launch  the  rooket  vcrtically.  The  attitude  of  the  rocket  waa  controUed  by 
three  rate  gyroa.  Accelerationa  and  velocitiea  were  meaaured  in  pitch  and 
yaw  by  apring  maaa  accelerometera  and  oll  damped  integratora  mounted  on  a 
two-axia  gyro-atabiUzed  platform  (Figure  3).  The  principle  of  thia  ayatem 
waa  aound  but  it  waa  too  complex  to  be  practical  with  the  inatrumenta  which 
could  be  built  at  that  time.  Five  A-3  rocketa  were  launched  in  1937,  but  their 
control  ayatem  waa  not  adequate  to  handle  the  rocketa  under  fUght  conditiona. 


A'5  Rocket  (Figure  41 


The  A-5  type  of  rocketa,  an  improved  Version  of  the  A>3,  uaed  a  almpler 
guidance  ayatem.  Thia  was  a  3-gyro.  3-axis  etabiliaed  platform  that  provided 
attitude  control  and  a  tUt  program.  Angular  deviations  were  aensed  by  rate 
gyros  located  above  the  atabilized  platform,  and  the  aignals  were  mixed  and 
fed  into  a  control  System  also  mounted  above  the  platform. 
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Figun  3.  Stahle  Platform  for  A'3  Kacket 
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Hifltrlcal  lockfrtviil 


Th«  complct«  guidanc«  «nd  contrpl  «yatem  wa«  ia  on«  package.  aa  ahown  in  Fig- 
ur«  5.  CoaiMCtiona  to  tha  jet  ateering  vanaa  war«  mad«  by  aluminum  rods. 

Th«  firat  A>S  miaail«  waa  lauachad  lat«  in  1939»  Ita  guldane«  ayatcm  waa  tha 
fer«runflcr  of  th«  on«  uaed  in  th«  V*Z  rockat. 


lV-2}  UdMI 


Two  diffarant  guidanc«  ayatema  war«  dayelopad  for  tii«  A>4  miaail«,  latar 
renamed  th«  ¥>2  (Figura  6  and  7).  Th«  firat  wa«  th«  familiär  LEV*3  guidanc« 
ayatam  (Figura  8).  Tha  LEV-3  eonaiated  of  two  fraa  gyroa,  control  potantio« 
metar«,  pandulum«,  aarvo  motora  and  other  componanta  nacaaaary  for  mount« 
ing  and  adjuatmant.  Ona  of  tha  free  gyroa  controllad  yaw  and  roll  daviation« 
whila  tha  othar  controllad  pitch  daviation  a.id  tilt  program.  A  gyrn>typa  aceal> 
«romatar  wa«  davalopad  which  incorporatad  a  praaat  dcvica  for  propulaion  cut> 
off  (Figura  9).  Thi«  ayatam  waa  atraightforward  and  vary  dapaudabl«.  A  graat 
many  of  th«««  miaail««  war«  firad  with  an  accuracy  of  5  km  (3. 1  milaa)  circular 
probabla  «rror  (CPC)  ovar  a  rang«  of  200  ^  (125  milaa).  Th«  uaa  of  an  «lac- 
tronic  gu.ida  baam  for  additional  yaw  coatröl  raducad  th«  lataral  «rror  to  abeut 
800  matar«  (1/2  mila). 

Th«  «acond  ayatam  developed  for  th«  V«2  wa«  «imilar  to  modarn  guidanc« 
ayatam«,  but  with  componanta  not  nearly  a«  accurat«  a«  thoa«  uaad  today.  A 
3>gyro,  3>axi«  «tabilised  pUtiorm  (Figura  10),  ZV  inchea  ia  diamatar  and 
weighing  100  pounda,  wa«  «uspended  by  axtemul  gUnbal«  and  providad  attitud« 
aignal«  and  a  timad  tilt  program.  Both  an  ac  and  a  de  power  kupply  war«  ra- 
quired  for  oparation  of  tha  platform.  Sarvo  motora  and  accala romatar«  war« 
oparatad  by  ona>  «nd  two-ataga  on>and>off  contact«.  Ute  of  gyro  rotora  with 
a  largo  angular  momentum  mad«  th«  a/atem  aimpl«,  «tabl«  and  raliabl«. 

Cut«off  of  propulaion  waa  controllad  by  an  intagrating  gyro*typa  accalar- 
omatar  couplad  to  a  diak  Integrator.  Thaae  war«  mounted  on  tha  «tabilised 
platform  along  th«  major  axia  cf  tha  miaail«  (Figura  11),  Thi«  davica  calca« 
lated  velocity  and  diatanca  and  determined  propulaion  cut<o(f  tim«. 


Yaw  waa  controllad  by  an  acceleromater  conaiating  of  a  coil  moving  in  a 
magnetic  fiald.  Th«  intagrationa  wer«  performed  in  capacitor  networka.  Teat 
firinga  damonatratad  a  50  pereant  probability  thät  rang«  error  would  not  ex« 
ceed  4.2  km  (2-1/2  milaa)  and  lateral  error  would  not  exceed  2. 4  km  (l>l/2 
milaa)  for  a  rang«  of  200  km  (125  milaa). 
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Figurt  9.  V-2  Pnpulshn  Cut-off  Device,  Syttem  I 
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Figurt  11.  V-2  Propuhhn  Cul-ofI  Device.  System  II 
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Tlie  drift  rate  of  «arly  gyroscopcs  uatd  on  aircraü  to  indieate  attltudo  aad 
headittg  was  aboot  lOO/hour.  Tha  drift  rata  of  gyroacopaa  uaad  cn  prasaat 
mlasilaa  ia  only  a  fractloa  of  tiiia  value«  but  further  raduction  of  gyroaeopa 
drift  adll  ba  aaceaaary  to  provida  tha  accurate  atabilixatioa  ra^diirad  for  futara 
pUtforraa. 

Atao.  in  ordar  to  acblava  high  Impact  accuracy  ia  ranga  diraction  it  ia 
aaceaaary  to  determlna  thruat  cut«off  ralativa  to  valocity  and  tha  diataaca  eoa- 
ared.  Thia  problam  waa  avaatually  aolvad  by  uaa  of  iaatrumanta  wkich  com- 
puta  tha  firat  and  aecond  integral  of  accaleration* 


EARLY  GYROS  AND  ACCEIEROMETBIS 


Spring  «Matt  Accalaromolm 

A  apring*maaa  aeealaromatar  of  tha  type  uaad  ia  tba  A>3  miaaila  io  ohewa 
in  Figura  12.  At  xato  accaleration.  tha  maoa  ia  caatarad  by  tha  aupportiag 
apriaga.  If  tha  houaiag  xa  accalaratad  along  ita  aaaaitiva  ajda.  tha  wai|^ 
tenda  to  raaiot  tha  accaleration  and  ia  diaplacad  from  tba  caatar  to  a  diataaca 
directly  proportional  to  tha  accaleration.  Thia  .diaplacameat  ia  aaaaad  by  a 
plck-oÖ[  Potentiometer  which  orlginataa  a  aignal  proportional  to  tha  diaplaca« 
ment  (and  therefora  to  tba  accaleration).  Thia  type  of  aeealaromatar  ia  aai» 
ther  aenaitiva  nor  accurate  anougb  for  modera  nüaailaa  which  eacountar  a 
wide  ränge  of  accelerationa. 

IniogniHng  Accolaromatara 

One  of  the  problama  ancounterad  wlth  tbe  V-2  miaaila  waa  accurate  maaa» 
uremeat  of  velocity  and  poaition  during  fUght. 

A  method  of  guidanca  waa  needed.  independent  of  ground>baaed  referenca 
aignala.  To  achieve  proper  flight  control,  the  accelaratioa  meaauremanta, 
which  are  the  baaic  Information  in  inertial  guidance.  muat  be  integrated. 

Several  integrating  accelerometera  were  deveioped  for  miaaile  guidanca» 
uaing  mechanical,  electrical  and  electrochemical  principlea.  Thaae  wäre 
light  is  weight  and  free  from  Jamming. 

MECHANICAL  INTEGRATINC  ACCELEROMETER  -  Tha  firat  aait  to  be  flight 
testedwaa  the  Muellcr  mechanical  integrating  accelerometer»  a  gyroacopic 
device  shown  in  Figura  13.  Thia  ia  primarily  a  ränge  device  to  cut  off  propul- 
gion  when  the  rocket  attained  the  velocity  required  to  reach  ita  target.  Tha 
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PROBLEMS  IN  THE  DEVELOPMENT  OF  GUIDANCE  SYSTEMS 


Although  thc  V-7.  guidance  tyttem  could  hardly  bc  faid  to  provide  pin« 
point  accuraey,  It  did  demonttrate  tha  feacibility  ci  inertial  giddance.  New 
Work  in  theory,  dolgn  and  manufacturlng'teckniquea  was  rcqnircdto: 

1.  Reduce  r.iae  and  weight  oi  componanta 

2.  EUmintte  frietion  in  componenta  to  linprove  accuracy 
and  reduce  reaction  time 

3.  EUminate  ahift  of  cehter  of  gravity  due  to  acceleratieii 
•  4.  Improvc  reliability  and  reproducibility  of  inatrumenta 

$.  Improve  Computer  and  aervo  techniquea 

.Gyrorcopea  are  mounted  in  a  gimbal  auapenaion  to  enablc  thcm  to  main* 
tain  a  fixttd  orlentation  in  apace.  The  moat  famiUar  eaamplc  ia  the  gyro  whicb 
keepa  a  thlpboard  compaaa  level  regardleaa  of  how  the  »hiptilts.  Such  a  gyro 
uaea  an  axternal  gimbal  ayatem:  the  gyro  ia  auapended  l.naide  a  pair  of  ringa, 
one  of  uhich  can  move  «ithin  the  otber.  In  the  V<2«  the  v  eight  of  the  guidanca 
ayatem  waa  reduced  by  uae  of  hollow  box  ateel  gimbala  inatead  of  the  convcn« 
tlonal  uolid  aluminum  alloy  ringe.  Thia  atructure  aleo  had  bcUer  reaiatance 
to  atrf:8ai  but  external  gimbal  ayatema  are  inherently  bulky  and  componenta 
are  not  eaaily  acceaaible  for  calibration,  maintenance  and  replacement. 

Among  the  problema  which  had  to  be  overcome  were  the  following;  large 
accelerationa  tend  to  distort  the  varioua  componenta  aa  well  aa  the  entire  aua- 
penoion  of  the  atabilized  platform,  especially  the  external  gimbal  auspenaion. 
These  diatortiona  may  cause  frietion  between  componenta  or  a  ahift  in  the  ccn> 
ter  of  gravity,  and  these  in  turn  cauae  undeairable  preceeaion  of  the  atabiüaed 
platform.  , 

Early  guidance  ayatema  had  to  depend  on  ball  bearinga  in  the  gyroscope 
preceaaior.  axia.  Although  in  industrial  applications  the  coefücient  of  frietion 
of  ball  bearinga  ia  conaidered  very  small,  it  ia  far  too  great  for  miasile  in- 
atrumenta.  > 

Gyroscope  drift  is  the  deflection  of  the  spin  axis  of  the  gyro  from  ita  ini> 
tial  alignment  and  is  caused  by  bearing  frietion,  shift  in  the  center  of  gravity 
or  any  other  torque  about  the  precession  axis.  Deflection  of  the  spin  axis  of  a 
gyro  causes  the  platform  to  move  from  i^s  atabilized  Position,  and  thia  in  turn 
causes  the  accelerometera  to  measure  accelerationa  in  false  directions,  re^ 
sulting  in  guidance  errors. 


Fiaure  12.  Spnng-Mau  Acctlentiteier 
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gyrotc<^  ia  atqiportad  ln  an  tinbalancad  poaltion  and  tharefore  preceaaaa  at  a 
rate  detenniaed  by  Ute  aecelaration.'  Tbc  angle  tbrougb  which  ttie  gyroscope 
preceaaec  ia  a  maaattre  of  the  integrated  aecelaration«  benee  of  the  miaaile'a 
velocity«  Thia  device  was  very  simple  and  reliable  and  was  used  in  most  of 
the  V>2  fUi^a. 

ELECTROLTTIC  INTEGRATINC  ACCELEROMETER  •  An  clectrolytie  inte- 
grating  accelerometer  was  developed  by  Bechhold  and  Wagner.  A  pivoted  arm 
with  a  copper  sing  moving  between  the  polcs  of  two  elcctromagncts  unbalaaeea 
an  electrical  bridge.  The  Signal  obtained  is  applied  to  a  restoring  coil  in  a 
magnetic  field  ia  series  with  an  electrolytic  cell.  Current  flowing  in  the  coil 
and  cell  causes  a  Chemical  chaage  in  the  cell  at  a  rate  proportional  to  the  ae- 
celeration.  and«  after  an  interval  correspondingto  a  predetermined  veloeity« 
the  cell  voltage  iacreases  suddenly.  This  jump  of  voltage  can  be  used  for  pro« 
pulsioa  eut-off. 

MAGNETIC  INTEGRATING  ACCELEROMETER  «  The  Schütt  integrating  accel« 
erometer  (used  ia  experimental  V«2  missiles  for  yaw  control)  is  illustrated  in 
Figurcs  14  and  15.  This  consists  of  a  coil  concentric  with  the  centerpole  of  a 
loud« Speaker. type  n»gnet  and  free  to  move  about  a  plvot.  Under  acceleratioa« 
the  lever  moves  upward  to  dose  the  contacts«  and  the  coil  is  energised.  Whea 
the  contacts  are  closed,  the  resulting  forccs  cause  the  coil  and  lever  to  move 
downward,  opening  the  contacts.  The  average  current  through  the  coil  is  ia 
Proportion  to  the  acceleration  of  tht  missUe.  This  Instrument  providas  infor« 
mation  for  onc  direction  only,  but  use  of  a  bridge  Circuit  give  i  accurate  data 
for  both  directions.  The  current  may  be  iategrated  oace,  twice«  or  three 
times  in  a  capacitor  network  to  measure  veloeity,  dlstance,  or  the  Integral  of 
distance  as  u  fuaction  of  time,  respectivcly. 


II 
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Figvn  13.  Mutller  Mechanical  Integrating  Accelerometer 
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Compontiifs  of  Prest  Rt  Imrtial  Gwidanct  SysHMS 


Chapivr  2 

COMPONENTS  OF  PRESENT 
INERTIAL  GUIDANCE  SYSTEMS 

A  mldile  in  flight  h&s  no  route  jnerkera  or  guide-potts  to  folloiw  in  reach> 
ing  iti  deatination.'  Once  Uunched,  the  miaiile  i»  on  ita  own  and  ita  aelf> 
contained  guidance  aysten)  muat  be  able  to  comp^te  apeed.  dia'ance,  and  di« 
rection  to  guide  the  mitaile  amoothly  to  ita  target.  regardleaa  of  outaide  dia« 
turbancea.  The  high  apeed  of  miaailea  calla  for  a  guidance  ayatem  which  oper- 
atea  continuoualy  and  rapidly  enough  to  detect  and  corrcct  dcviationa  beforo 
they  aerioualy  affect  the  trajectory. 

To  make  the  required  meaaurementa  and  ac.'uatmenta,  preaent  inartial' 
guidance  ayatetna  uae  accelerometera  mounted  or.  a  epace«fixed  platform  aua« 
pended  by  a  gimbal  ayatern.  Signala  from  the  acceler.ometera  are  evaluated 
by  Computer  unita  which  tranamit  the  neceaaary  commanda  to  the  actuatora  pf 
the  controla. 


ACCELEROMETERS 


Meaaurement  of  accelerationa  ia  the  key  to  irertial  guidance.  The  plat« 
form  la  atabiliaed  and  aligned  to  provide  the  mounting  and  reference  eaaential 
for  accurate  functioning  of  the  three  accelerometera  which  meaaure  changea 
in  motion  along  the  three  axea.  From  theae  meaaurementa,  both  velocity  and 
diatance  can  be  compiMd.  These  accelerometera  must  be  capahle  of  meaa« 
uring  accelerationa  aa  small  aa  a  few  ten  thouaanctha  of  one  gand  aa  large  aa 
10g.  They  must  be  precision-mounted  on  the  atabilized  platform  with  their 
axea  perpcr.dicular  to  each  other.  Preciae  machinir.g,  calibration,  and  good 
damping  are  required  to  reduce  the  effecta  of  Vibration  and  aasure  accuracy. 

One  of  the  most  auccessful  modern  accelerometera  ia  an  air«bearing 
gyroscope  with  an  unbalance  weight  fastened  to  the  inner  cylinder.  The  inner 
cylinder  is  separated  from  the  outer  cylinder  by  as  air  bearing  (Figure  16). 

An  acceleration  in  the  cirection  of  the  preceaaion  axia  causea  a  torque  by  the 
unbalance  weight  around  the  air-bearing  axia.  Tne  torque  causea  the  outer 
cylinder  to  preceaa,  and  the  rate  of  preceaaion  ia  proportional  to  the  accel« 
eration. 

The  outer  cylinder  or  gimbal  is  mounted  onball  bearings.  The  friction 
in  theae  ball  bearings  causea  some  preceaaion  of  the  inner  cylinder  and  a 
corresponding  change  in  the  measuring  direction  cs  the  accelerometer.  To 
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prev«tit  thia  unwanted  precctsion,  a  plcko£{  aenaaa  relative  motioa  betweea 
thc  two  cylindera  and  aends  clectrical  impulaea  through  an  amplifier  to  a  a«r> 
vo  motor  which  ia  geared  to  nuUify  the  elfect  of  thia  friction  torqua. 

In  meaaurement  of  accelarationa,  the  angular  velocity  of  the  preceaaion 
ahaft  ia  proportional  to  the  acceleration.  The  angular  poaition  of  the  precea* 
aion  axia  indicatea  velocity  in  the  meaauring  direction.  Thia  information.  ia 
the  form  of  voltagea  produced  by  the  aynchrO'tranamitter,  ia  tranamitted  to 
the  Computer  for  evaluation.  The  Computer  in  turn  aenda  any  ncceaaary  com« 
mands  to  the  control  actuator  ayatem. 


STA8IUZE0  PLATFORM 


The  atabiliaed  platform  ia  the  reference  baae  for  the  inartial  guidance 
ayatem.  Ita  poaition  in  apare  ia  flxed  by  three  gyroacopea  with  their  refar« 
ence  axea  perpendicutar  to  each  other.  Whether  on  tha  earlh  or  in  outer 
apace«  the  platform  maintaina  the  aame  Orientation. 

In  early  miaailea.  the  platform  waa  auapended  by  three  eoncentrie,  Inter« 
locking  gimbal  ringa  fPigure  17).  Uaa  of  thia  conventional  external«gin)bal 
ayatem  in  miaailea  diacloaed  aeveral  aerioua  faulte:  it  proved  to  be  too  bulky 
and  heavy,  andunder  the  tremendoua  acceleration  of  miaaile  firing  it  waa  de« 
fwrmed  to  an  extent  that  accuracy  waa  impaired.  Development  of  a  auapenaion 
by  internal  gimbala  haa  made  the  atabiliaed  platform  an  accurate  and  dependabla 
reference  baae.  Figure  18  ahowa  a  atabiliaed  platform  with  ita  internal  gimbala 
air-bearing  gyroacopea,  accelerometera,  and  penduluma. 


Inltmal  Gimbel  Swtpomion 


The  internal  ^mbal  ayatem  ia.eaaentially,  the  conventional  gimb?il  ayatem 
tumed  inaide  out.  Figure  19  ahowa  the  bearinga  in  the  center  of  the  device. 
The  gyroa,  accelerometera,  and  penduluma  are  faatened  to  the  outaide  ring  or 
atabilixed  platform.  The  outer  ring  can  rotate  freely  on  ball  bearinga  through 
360  degreea,  bot  the  inner  gimbal  can  move  in  yaw  and  roll  only  through  a 
Umited  arc  (until  it  toucbea  the  outer  gimbal  ring).  Ute  360«degree  rotation 
allowa  the  miaaile  to  be  tilted  from  the  vertical  about  the  pitch  axia,  The  lim« 
ited  movement  of  the  gimbala  in  roll  and  yaw  ia  aufficient  becauae  the  miaaile 
movea  about  theae  two  axea  through  only  a  amall  angle  belore  the  controla  cor« 
rect  the  error.  Pickoffa  and  aervoa  are  mounted  on  the  gimbala  for  each  of 
the  three  axea  to  meaaure  and  correct  deviationa. 
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The  internel  gimbal  tyitem  haa  several  advantages  over  the  external  gim« 
bat  ayatem.  It  aavea  weight  and  apace  and  permits  the  uae  of  more  rugged 


Figure  19.  Infernal  Gimbal  System 

parta.  The  short,  sturdy  axies  undergo  much  smaller  elaatic  deformations 
during  missile  acceleration  and  have  considerably  ssialler  nnomenta  of  inertia 
than  gimbal  rings  in  the  external  gimbal  System.  Also,  instrumenta  mounted 
on  the  outer  ring  are  readily  accessible  fcr  calibration  or  replacement. 


Gyroscopts 


Three  gyroa  are  attached  to  the  outer  mounting  ring  of  the  internal  gimbal 
System  to  stabilise  the  platform:  one  for  each  of  the  three  reference  axes  •• 
pitch,  yaw,  and  roll.  Each  gyro  spin  axis  is  perper dicular  to  the  axis  which 
it  stabilizes.  For  example,  the  pitch  gyro  is  moa''ted  so  that  ita  spin  axis  ia 
parallel  to  the  roll  axis  and  perpendicular  to  the  pitch  a;da  of  the  missile. 

The  three  gyros  are  similar.  The  rotor  is  moucted  on  ball  bearinga  with* 
ln  a  cylinder  which  ia  supported  by  an  air  bearing  (rig'ire  20).  This  air  bear> 
ing  is  practically  frictionless,  making  the  gyro  far  more  sensitive  than  those 
employing  ordinary  bearings  and  reduces  the  unwantec  precession  caused  by 
friction  in  other  typea  of  bearings. 

A  disturbing  torque  occurring  about  the  axis  controlled  by  a  gyro,  causes 
rotation  about  the  precession  or  air^bearingaxis  is  Proportion  to  the  disturbing 
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torque.  Since  the  rotor  i>  mounted  inside  the  inner  cyiinder  of  tbe  gyro,  tho 
cylinder  undergoei  th«  anme  precesaion  aa  the  ipin  axia.  Thia  xnoüon  ia 


Figurt  20.  Cross  Section  Throvgh  an  Alr~Bearing  Gyroscopa 

•ensed  by  a  pickoff  whicb  sendi  a  Signal  to  the  servo  amplifier.  The  amplified 
Signal  actaates  a  servo  motor  whicit  prcduces  the  ccrrective  force  required  to 
cancel  the  effect  of  tbe  disturbing  force  and  retum  the  gyro’s  spin  axis  to  its 
original  position.  Tbe  combined  effects  of  the  three  g>'ros  in  malntaining  sta« 
bility  about  their  assigned  axes  keep  the  stabilized  plaiform  in  its  space^fixed 
Position  so  that  it  can  be  used  as  a  basic  reference  to  control  the  nrüssile'a 
flight.  By  introduction  of  a  progranuned  flight  schedule,  the  same  devices 
can  be  used  to  keep  the  missile  essentially  tangent  to  a  precalculated  trajecto» 


LowFriction  Bearings 

Before  the  development  of  low-friction  bearings.  missile  flights  were  sub- 
ject  to  inaccuracies  caused  by  drift  of  gyrosccpes  and  gyro>type  accelerome* 
ters  and  by  inaccurate  alignment  of  the  stabilized  platforms  prior  to  launching. 
These  inaccuracies  were  nr^inly  caused  by  the  friction  of  the  convontional 
bearings  then  used. 
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7wo  different  tyjtes  ^  beeringe  heve  been  developed  to  reduce  tbe  frictioa, 
botb  esploying  a  fl«iid  medixim  to  tupport  the  thaft.  The  firit  type  uaea  a  hi|^ 
denaity  liquid  to  fioat  the  preceaaion  axia;  the  aecond,  compreaaed  gaa  or  air. 

Tbt  liquid  type  conaiata  of  an  outer  caae  which  aeala  in  the  high  denaity 
liquid  asd  the  ffoating  part.  The  denaity  of  the  liquid  ia  the  aame  aa  the  meaa 
denaity  of  the  floating  part.  Sirce  the  part  floate  freely  in  the  liquid,  a  pinioa 
bearingia  required  for  axial  alignment.  While  thir  Uquid>type  low  friction 
bearingia  a  great  improvement  over  conventional  ball  bearinga,  conaiderable 
viacous  damping  occura  when  it  ie  uaed. 

In  air  bearinga  (Figure  21),  the  floating  part  ia  aupported  in  a  manner  aim* 
ilar  to  a  ping>pong  ball  held  auapended  by  a  atream  of  air.  The  floating  part 
ia  aeparated  from  the  houaing  by  a  film  of  air  about  0. 0015  inch  thick.  ln  one 
type  c£  air  bearing,  compreaaed  air  entere  the  apace  between  the  part  and  the 
houaing  through  the  air  inlet,  air  chambera,  and  distribution  holea.  and  leave« 
throui^the  air  outlete.  The  holea,  a  fewthouaandtha.  of  an  inch  in  diameter, 
dietribnre  the  air  evenly  around  the  bearing  to  maintain  alignment. 

AzatAtx  kind  of  bearing  ia  preaently  ander  development.  It  ia  designed  aa 
a  high  Speed  bearing  which  would  aupport  the  apinning  wheel  of  the  gyro  motor 
itaelf.  Such  a  bearing  would  have  conaiderable  friction,  but  no  wear. 

PendtAaMs 


Tbe  accuracy  of  an  inertial  ayatem  in  guiding  a  miasile  to  target  dependa 
in  a  large  meaaure  on  the  accaracy  of  pre^launch  alignment  of  the  atabilised 
platform  Preciae  alignment  of  the  platform  involvea  aeveral  factora.  The 
lattnchjcg  aite  and  the  target  are  pointa  on  the  rotating  earth.  But  in  flight, 
the  inerual  guidance  ayatem  haa  to  be  space>fixed.  Thia  meana  that  the  gyroa 
must  imtially  be  aet  to  hold  the  platform  in  an  appropriate  position  in  relation 
to  the  rotating  earth;  then.  at  the  moment  of  launch,  they  muat  change  their 
functiccto  hold  the  platform  in  a  apacc'lixed  reference  ayatem. 

Tbe  Coordinates  of  the  stabilized  platform  muat  also  be  aligned  with  the 
misaile'^s  axes.  Furthermore,  a  miasile  Standing  upright  on  a  launching  pad 
aways  äethe  wind  and  experiencea  small  tremors  or  oacillations  which  add  to 
the  difhculties  of  alignment. 

Fes- the  above  reasona,  the  inertial  ayatem  ia  aligned  independently  of  the 
miasile  structure,  and  the  two  are  coordinated  at  the  moment  of  launch.  To 
handle  this  task  a  special  type  of  plumb-line  detector  haa  been  developed,  the 
air-beasing  pendulum,  which  meeta  the  requirementa  for  extreme  aenaitivity 
and  als»  haa  bigh  zero>point  atability.  Two  air-bearing  penduluma  are  mounted 
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Figun  21.  Dislribulion  Hole  Type  Air  Bearina 


Components  of  Prcstnt  Inertial  GuidofictSysttim 


At  launching,  the  air>bearing  penduliiir.«  and  earth>rotation  biaaea  ar« 
diaconn«ct«d  and  the  platform  becomes  apace-fixed,  Aa  the  gyroa  take  over 
their  taak  of  reaiating  angular  motion,  the  p^nduluma  uaed  for  alignment  of  the 
atabilieed  platform  have  no  further  function. 


COMPUTERS 

The  function  of  the  computera  ia  to  corr.bune  the  varioua  data  from  the  een* 
sora  and  compute  the  approprlat«  aignala  to  command  the  flight  controla.  Sena* 
ing  Inatrumenta  on  the  atabilieed  platform  aer.d  deviation  data  tc  the  computera 
The  computera  evaluate  the  information  from  any  one  aenaor  to  take  into  ac* 
count  precalculated  data,  and  data  from  the  ^her  inatrumenta.  Then,through 
aervo  mechaniama,  the  computera  cauae  the  actuatora  to  movc  the  appropriate 
flight  cuntroU  to  make  the  required  correction. 

Computer  unita  are  made  up  mainly  of  three  componenta:  mixer,  Integra* 
tor,  and  differentiator.  Figure  23  ahow»  the  relationship  of  the  computera  to 
the  other  componenta  of  an  inertial  guidance  ayatem. 


Figur«  23.  Schematic  Diogtam  ot  an  Irterfiol  Control  Syrern 
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Mixtn 

Mlxero  combine  inforniAti''r.  Itam  vever&l  lentors.  For  example,  court« 
Is  influenced  by  crotswirda,  mitaile  attitude,  and  lateral  miaall«  apeed.  Tb« 
individual  aenaors  d^tecting  thea«  three  variablea  tranamit  error  ai^nal« 
which  are  mixed  together  ao  that  each  of  the  variablea  haa  a  proportional  in> 
fluence  on  th^  total  corrective  movement  of  the  flight  control.  Thia  mixin^  i« 
uaually  a  matter  of  addition  or  aubtraction  of  aenaor  aignala  to  aignata  from 
the  coptrol  actuator  feedback. 


inttgrcrtert 


An  Integrator  computea  the  cumulative  väluea  of  variable  meaaurementa 
auch  aa  deviation  from  the  planned  trajectory.and  ita  output  uaually  goca  to  a 
mixer. 

Several  typeu  of  integratora  have  been  deviaed.  Electrica!  integratora  in» 
clude  the  thermal  Integrator,  the  realator^capacitor  integratoir,  the  reaiator» 
induction  combination,  the  ampUf>er>reeiator'Capacitor  network,  andth« 
variable  »apeed  motor.  Mechanical  integrat9ra  include  the  integrating  g/re» 
acope  and  the  ball  and  diak  Integrator,  which  are  uaed  in  moat  operatioMl 
guidance  ayatema. 

In  the  ball  and  diak  Integrator,  a  diak  la  rotated  at  a  conatant  velocity  by 
a  aynchronoua  motor  (Figure  24).  The  diatance  of  the  ball  from  the  Center  of 
the  diak  correaponda  to  the  input  value.  The  greater  the  input  value,  e.g., 
velocity,  the  further  away  from  the  center  the  ball  movea,  and  the  faater  the 
ball  rotatea.  A  roller  in  contact  with  the  ball  meaaurea  the  apeed  of  rotation 
and  providea  the  integrated  value.  Electrical  connectiona  to  potentiometera 
pick  off  voltagea  correaponding  to  input  and  output  valuea,  e.g.,  velocity  and 
diatanre. 


Diff«r«iitiators 


The  differentiator  reducea  the  time  lag  for  control  operationa  and  there» 
forc  improvea  the  atability  of  the  miaaile  in  flight,  Aa  a  aenaor  tranamita  in» 
formation  on  attitude,  velocity,  er  Position,  the  rate  component  producea  a 
aignal  proportional  to  the  rate  of  change  of  the  input.  The  rate  output  aignal 
ia  mixed  with  the  original  deviation  aignal  ao  that  the  command  to  the  flight 
control  ia  correct  both  for  amount  and  time. 

Differentiators  may  be  electronic  or  mechanical.  Resiator-capacitor, 
resiator»inductance,  or  resistor»capacitor»amulifier  combinations  similar  to 
those  uaed  aa  Integrators  caa  be  wired  to  produce  differentiation  inatead  of 
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Figvre  24.  Ball  and  Disk  Integrator 
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intef  ratioiu  The  mecbanical  hall  and  diak  Integrator  can  alao  he  arranged  te 
produee  an  output  proportional  to  the  rate  of  change. 


A  apecial  type  of  gyroacope,  the  rate  gyro,  haa  heen  deaigned  to  produee 
a  rate  signal,  and  thia  is  uaed  in  aome  operational  inertial  guidance  ayatema. 
The  gyrot  reatrained  hy  a  apring  that  tenda  to  return  the  axia  to  the  zero  poai« 
t:.on,  preceaaea  a  few  ^greea  in  one  plane  aa  a  reault  of  a  force  on  the  gim> 
bala  cauaed  by  movement  of  the  miaaile.  Thia  preceaaion  ia  proportfonal  to 
the  rate  of  deviation  and  ia  tranamitted  hy  a  pickoff  aa  a  rate  aignal. 


ACTUATIN6  DEVICES 


Flight  controla  are  connected  hy  mechanical  llnkagea  or  cahlea  to  actu> 
atora  atch  aa  electrical  motora  or  hydraulic  cylindera.  The  electro-hydraulic 
actuator  ayatem  deacribed  helow  ia  uaed  on  moat  long>range  miaail^a  today. 

The  actuator  aaaemhly  ia  mounted  in  the  rear  part  of  the  hooater  unlt  and 
conaiata  of  two  hydraulic  cylindera'and  piatona  (Figure  25).  One  end  of  each 
combination  ia  attached  to  the  miaaile  ahell  and  the  other  to  the  thruat  chant- 
her  which  ia  mounted  ao  it  can  awivel  up  and  down  and  from  aide  to  aide.  A 
pump  suppliea  oil  under  preaaure  through  a  relief  valve.  an  accumulator«  and 
a  tranafer  valve  to  the  control  actuatora,  and  back  to  the  oil  reaervoir.  Slg» 
nals  from  the  compitter  unit  to  the  aolenoid-operated  tranafer  valve  direct  the 
flow  of  oil  ao  that  the  piatona  move  in  the  proper  direction.  The  magnitude  of 
actuator  movement  ia  proportional  to  the  volume  of  oil  admitted  to  the  cylia« 
dera  by  the  tranafer  valve. 
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Figure  25,  Flectrohydroulk  Attuaior  Sysitm 


Chapitr  3 

GUIDANCE  SYSTEM  OF  PRESENT  DAY  MISSILES 


InertUl  tystem«  are  ute<i  for  the  guidanc«  of  IRBMa,  ICBM«,  and  «at«!' 
Ute  launchera,  Some  of  the  weapon«  «yatem«  which  depend  entirely  on  insxtial 
guidance  are  the  REDSTONE,  JUPITER,  PERSHING  and  THOR,  The  Princi¬ 
pal  characteristic«  which  make  inertial  gmdance  suitable  for  these  mi««ilea 
are: 

1.  Reliabüity  and  Accuracy  -  The  self-contained  inertial  gtiidanc« 
«yatem*  can  guide  a  mlaaile  accurately  to  the  deaired  target 

2.  Minimum  of  Ground  Support  Equipment 

3.  Immunity  to  Jamming  -  Because  the  guidance  «yatem  doea  not 
depend  on  electronic  «ignal«  from  the  ground,  it  cannot  b* 
jammed  by  the  enemy. 

•  • 

The'  variou«  inertial  guidance  «yatem«  used  on  theae  misaile«  are  diacuaaed  ia 
the  follo'wing  «ectiona. 


JUPITER  SYSTEM 


The  JUPITER  i«  an  IRBM  with  a  ränge  of  approximately  1500  milea,  It« 
inertial  guidance,  baaed  on  the  Delta-minimum  principle,  i«  uaed  to  keep  the 
miaaile  a«  dose  as  possible  to  the  precalculated  trajectory.  In  many  reapecta 
the  JUPITER  guidance  syatem  couid  be  considered  a«  a  refinement  of  the  aec- 
ond  tf-Z  «yatem,  but  with  tremendou«  improvements  in  accuracy,  «tability  and 
reliabüity. 

The  JUPITER's  inertial  guidance  is  a  three-dimenaional,  modified  null- 
seeking  syatem  which  continuously  compares  actual  fUght  path  information  with 
precalculated  trajectory  data.  By  comparison  of  the  two  sets  of  data,  the  Sys¬ 
tem  senses  «  rrors  and  corrects  them  by  swivelling  the  engine.  The  System 
also  provides  thrust  cut-off  and  other  control  Signals  as  reqnired, 

Inertial  guidance  in  the  JUPITER  is  baaed  on  a  space-fixed  reference  Sys¬ 
tem  having  three  mutually  perpendicular  axes,  each  with  an  associated  Com¬ 
puter.  The  gyrO'Stabilized  platform  used  in  the  JUPITERS  is  a  smaller,  light- 
er  and  more  rugged  Version  of  the  REDSTONE  platform.  The  platform  with 
its  associated  components  is  illustrated  in  Figure  18. 
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A  HISTORYOF  INERTIAl  6UiDANCE 


The  principel  componects  of  the  stabilized  platfornrarc: 

1.  A  atabilized  outer  riag  which  providei  a  spacc>fixed  refer- 
ence  base  for  the  seasing  elemente 

2.  Three  air>bearing  gTroe  which  eense  disturbing  torquee  and 
maintair.  the  attitude  cf  the  atabilixed  ring 

3.  Two  air-bearing  pesdulume  ueed  to  eatablieh  local  horizon¬ 
tal  for  initial  platfoim  alignment 

4.  Thrcc  air-bearing  accelerometere  uied  to  eense  acceleratione 
of  the  mizeile  in  eacn  of  three  planes 

5.  A  missile  mounting  bar,  caging  plate  and  ring,  and  remotely 
ope  rated  caging  mechanisna. 

The  internal  gimbal  Suspension  is  illustrated  in  Figure  19.  It  differs  frora 
previous.designs  in  which  the  gimbal  rings  were  outside  the  stabilized  parts. 
The  ball-bearing-inounted  Suspension  in  the.center  of  the  platform  savcs 
weight  and  provides  ready  access  to  sensing  components  for  ease  in  calibra- 
tion.  The  missile  can  move  vith  respect  to  the  stabilized  ring.  The  inner- 
most  gimbal  allows  movement  around  the  yaw  axis;  the  next  gimbal,  around 
the  roll  axis.  The  platform  can  move  around  the  pitch  axis,  which  allows  suf- 
ficient  freedom  tvs  Ihe  iiU  pr-_-gram.  Yaw,  roll,  and  pitch  serv’O  motors  pro- 
vide  torques  to  correct  platform  disturbances  sensed  by  the  three  gyros. 

Pickoff  devices,  mounted  along  the  three  gimbal  axes,  sense  missile  at¬ 
titude  deviationa  which  are  sent  through  three  Computers  for  transmission  to 
Control  devices.  These  Computers  are  the  altitude  Computer,  ränge  Computer, 
and  the  cross-racge  Computer.  The  altitude  Computer  nulls  any  displacement 
or  velocity  errors  along  its  axis  by  pitch  Control.  The  cross -ränge  Computer 
aids  by  providing  the  yaw  cortrol  Signals.  The  ränge  Computer  determines 
the  thrust  cut-off  point  by  solving  a  simple  equation  which  indicates  when  the 
missile  has  reached  the  right  velocity  and  position  to  reach  the  target.  Be- 
cause  the  thrust  decay  of  the  main  engine  cannot  be  accurately  predicted,  cut- 
off  consists  of  two  Steps;  (l)main  engine  cut-off,  and  (2)  vernier  engine  cut-off. 

Prior  to  launch,  the  stabilized  platform  is  aligned  with  the  local  hori- 
zon  bymeans  of  two  air-bearing  pendulums  which  sense  the  local  plumb-line. 

A  bias  setting  is  added  to  the  air-bearing  pendulum  Signal  to  correct  for  the 
earth's  rotation.  This  »laves  the  platform  to  an  earth-fixed  axis  until  the  mo- 
ment  of  lift-off.  After  launch.  the  pendulums  and  earth  rotation  bias  are  dis- 
connected  and  the  platform  is  kept  space-fixed  by  the  three  gyros  and  servo 

loops. 
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Guidance  Systems  ef  Present*Day  Missiles 


Platform  azimutH  Orientation  iz  checked  by  optical  mean«.  A  prism  is 
moanted  on  the  stabilized  ring  and  a  window  provided  in  the  missile  akin  so 
that  the  stabilized  platform  can  be  aligned  with  the  ground  theodoUte.  After 
erection  ot  the  missile.  the  launcher  and  platform  are  rotated  until  the  theod> 
oUte  croas'hairs  coincide  with  their  reflected  image  on  the  prism.  Once  the 
platform  has  been  oriected,  it  is  slaved  'o  the  theodoUte  by  azimuth  Signals 
provided  automatically  by  an  autotheodolite.  Vhen  the  missile  is  launcbsd» 
these  Signals  are  stopped. 

In  Order  to  take  care  of  wind  disturbances  during  the  ascending  portion  <d 
the  trajectory.  an  angle-of-attack  meter  is  used  to  sense  the  direction  of  the 
resultant  air  flow.  Signals  from  this  meter  are  mixed  in  the  Computers  wUch 
provide  corrective  pitch  and  yaw  Signals  and  cause  the  nüssile  to  head  into 
the  wind,  thus  preventiag  the  development  of  excessive  anglcs  of  attack.  The 
angle-of>attack  meter  is  used  only  while  the  missile  is  passing  through  the 
hi^  dynamic  pressure  Kgion. 


RHISTONE  ANO  PERSHING  SYSTEMS 


The  inertial  guida^e  Systems  used  on  the  R£DSTONE  and  PERSHING  mis* 
siles  are  similar  to  that  used  on  the  JUPITER,  but  their  components  differ  in 
number,  »Iw;.  coa»trut.tIuu  aail  accuracy.  The  REDSTONE  System  Is  heavicr, 
bulkier,  and  less  accurate  than  that  of  the  JUPITER.  The  PERSHING  System 
is  much  sraaller  and  lignter  than  the  JUPITER  System. 


SYSTEMS  USED  FOR  EXPLORER  lAUNCHINGS 


The  inertial  guidasce  System  used  fov  EXPLORER  satellite  launching  ve« 
hicles  is  composed  of  components  of  the  REDSTONE  and  JUPITER  Systems. 
The  gyroscopic  platform  used  for  EXPI ORER  launchings  is  illustrated  in 
Figure  Z6. 

During  the  bocster  phase,  the  missile  attitude  is  controlled  by  a  modified 
autopilot  System.  This  consists  of  two  free  gyros  complete  with  gimbals, 
Control  Potentiometers,  current  transfer  assembUes,  a  program  transmitter, 
pendulums,  servcs,  and  mounting  parts.  The  pitch  gyro  providing  the  Signals 
for  pitch  ccntrol  and  tiU  prograntuning  is,  for  accuracy  reasons,  supported  on 
air  bearings.  A  yaw-rcll  gyro  senses  the  yaw  and  roll  of  the  missile.  The 
controi  potejitioraeters  sense  the  position  deviations  of  the  gyro  elements, 
and  Signal  the  missile  Controls  to  make  the  corrections  required  to  mainuin 
the  desired  flight  path. 
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A  HtSTORYOF  INCRTTAl  GOIOANCT 


Th«  missil«  trajectory  i#  at*o  controlled  by  electrical  eignalt  generated 
in  an  integrating  gyro  accelerometer  and  twner,  for  ejection  of  the  upper 

ttagea. 


Figurt  26.  Slobilizing  System  Used  for  Explorer  Laur^chirtgs 


STABILIZEO  PLATFORM  FOR  A  RAMJET  MiSSlUi 

Inertial  guidanc«  tyttemt  are  also  used  on  sume  ramjet  miesilet.  Guid* 
ance  problenjt  with  thie  type  of  missile  are  greater  than  with  an  IRBM  or 
ICBM  becauae  th«  flight  time  over  the  same  disunce  is  murh  longer.  Larg« 
guidance  errore  may  occur,  and  the  ordinary  «pace-fixed  platform  used  in 
ballistic  mitsilet  it  inadequate.  A  transformation  of  space-fixed  measured 
accele rations  intotbe  eartb-fixed  System  is  compUcaled  and  difficult  to 
achieve.  The  use  cf  an  earth-fixed  System  alone  also  present«  serious  Prob¬ 
lems.  Precestion  of  the  gyros  with  respect  to  the  rotation  of  the  earth  re- 
quiret  such  a  high  degree  of  accuracy  that  this  approach  is  considered  imprac- 
tical. 


Gvidonce  Systems  of  Present- Day  Missiles 


A  p^nctical  tolution  to  the  problem  it  a  combination  of  the  space  and 
eartb>£xed  reference  •ystems.  Orientation  and  arrangennent  of  the  epace  and 
eartb-£xed  part«  i»  such  that  only  a  minimum  of  computations  are  required. 

The  cteaposite  platform  for  ramjet  missiles,  bullt  around  the  internal  glinhal 
systezc.  is  shown  in  Figure  27. 

Tbe  space-fixed  gyros  and  the  earth>fixed  accelerometers  are  moonted  oa 
the  sta^Iized  platform.  The  platform  is  oriented  so  that  its  innermost  axia, 
which  cotncides  with  the  pitch  axia  cf  the  missile,  is  always  parallel  to  th« 
guidance  plane  axis.  The  position  of  the  guidance  plane  is  determined  by  the 
•  trajectB.ry  relative  to  the  rotating  earth  and  the  center  of  the  earth.  conse- 
quently.  it  is  earth-fixed. 

The  earth'fixed  accelerometers  are  rotated  around  an  axis  parallel  tothe 
guidance  plane  axis.  The  angle  of  rotation  (Figure  28)  is  determinec  by  th« 
instantaaeous  position  of  the  missile.  This  angle  is  initially  set  at  the  Izruach- 
ing  poizc  and  is  changed  during  flight  by  means  of  a  motor  driven  by  the  dia- 
tance  oä:put  of  the  ränge  accelerometer  and  Computer. 

The  space-fixed  gyro  part  has  two  additional  degrees  of  freedom.  Orue 
axis  is  parallel  to  the  line  from  the  intersection  equator- guidance  plane  circle 
to  the  ccster  of  the  earth.  The  initial  angle  setting  for  this  axis,  cx  ,  (Figorc 
28)  is  a  constant.for  a  particular  flight.  It  represents  the  angle  between  th« 
guidance  plane  and  the  meridian  plane.  The  second  axis  of  the  space-fixed 
gyro  is  kept  parallel  to  the  axis  of  the  earth. 

The  inertial  guidance  System  uses  the  accelerometers  to  perform  two  bas- 
ic  mearcrements,  one  of  distance  and  one  of  orienting  the  platform  in  horizon¬ 
tal  Position.  The  accelerometers  are  t.tounted  on  the  platform  with  their  meas- 
uring  planes  parallel  to  the  surface  of  the  earth.  One  measures  in  the  flight 
directiocand  the  other,  lateral  to  the  flight  direction.  Both  accelerometers 
directly  integrate  the  accelerations,  which  means  that  one  of  them  measures 
the  distaace  covered.  This  value  is  also  used  by  a  motor  to  rotate  the  accil- 
erometers  in  the  guidance  plane  axis  according  to  angle (Figure  28).  Th« 
second  ^ves  the  lateral  deviations  from  the  precalculated  course.  These  de- 
viations  are  reduced  to  zero  by  missile  control, 

The  value  of  earth  rotation  is  introduced  into  the  System  by  a  clock  on  the 
earth  a-ri»  or  by  a  synchronous  motor.  After  setting  the  proper  initial  valoes 
of  oe  and  the  stabilizer  is  aligned  and  maintained  until  launch.  At  the  mo- 
ment  of  Sft-oli,  the  clock  on  the  earth  axis  Starts  and  the  alignment  Signals 
cease. 
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FUTURE  OUTLOOK 


Sine«  incrtial  fsdance  ia  so  successfully  used  in  tha  balUstic  missiles  eff 
today,  it  ia  highly  yirobable  that  it  will  continue  to  be  used  in  the  balUstic  mis> 
alles  of  the  future.  Improvement  efforts  presently  in  progress  at  various  de¬ 
velopment  Centers  will  result  in  even  more  accurate  and  more  reliable  Sys¬ 
tems.  Miniaturizazssn  relatlng  to  all  components,  including  wiring  and  ca- 
bling,  will  produce  tzuich  lighter  and  smaller  Systems  with  reduced  power  can- 
sumption,  AppUcatsons  of  new  materiale  such  as  beryllium  and  fiberglass. 
etc. .  will  contribut«  corsiderably  to  weight  saving. 

The  re  is  no  doihe  that  inertial  guidanc«  will  also  play  an  important  partin 
space  travel  eveuüits  particular  ro)e  is-not  eeenclearly  today.  Intcrplane- 
tary  travel  will  invefve  long  flight  times.  but  propulsion  and  correction  manen- 
vers  will  be  exectne«  only  during  relatively  short  periods«  and  the  usual  guid- 
ance  errors  will  be  «xperienced.  Consequently.  during  most  ol  the  flight  time 
the  errors  contribuzed  by  guidance  will  be  very  small,  caused  only  by  minute 
disturbing  effects  aadfriction.  Air'bearing  guidance  components,  fnr  exampas, 
could  be  bperated  ae  closed  self-sustained  Systems  with  such  low  differential 
pressures  that  friction  and  disturbance  torques  would  be  negligible. 

Further  develo^ents  will  be  aimed  towards  improving  the  performancc 
of  guidance  componests  during  the  propulsion  periods.  For  example,  cryo- 
genlc  gyros  could  feature  absolutely  homogenous  bodies  and  thus  eliminate  the 
main  shortcoming  c£a  gyro,  the  shift  of  balance.  The  development  of  elec¬ 
tronic  gyros  and  accelerometers  is  also  aimed  in  this  direction. 

Beyond  these  ccuaiderations,  it  should  not  be  forgotten  that  space  tra\'sl. 
especially  manned  syace  flight,  will  permit  supervision  and  correction  of  in¬ 
ertial  Systems  by  c^stial  tracking. 

In  view  of  the  above,  while  it  cannot  be  predicted  today  how  inertial  guid¬ 
ance  will  be  applied,  it  is  certain  that  it  will  play  a  major  role  in  the  coming 
space  travel. 
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